High continuous wave ͑cw͒ optical output power of 10 mW has been achieved from an InAsSb diode laser at 82 K in the 3.6 m spectral region. The threshold current has been as low as 37 mA at 82 K with a characteristic temperature of 23 K. It could be shown that in multimode operation of the InAsSb-laser the cw optical output power for a single lasing mode is limited to about 2 mW. © 1996 American Institute of Physics. ͓S0003-6951͑96͒04020-X͔
The midinfrared wavelength range from 3-4 m is very attractive for several spectroscopic applications including atmospheric trace gas analysis and medical diagnostics, because in this spectral region many atmospheric species have strong rotational vibrational, and overtone absorption bands. Continuous wave ͑cw͒ operation of these lasers in combination with high frequency modulation ͑FM͒ techniques is important to obtain low detection limits and/or a high time resolution. Since the signal-to-noise ratio in FMspectroscopy is proportional to the square root of the laser power on the detector, the cw output power should be as high as possible. 1 Unfortunately, the performance of narrow band-gap semiconductor lasers is strongly influenced by Auger processes and carrier leakage effects. The 3-4 m spectral region can be covered by IV-VI compound ͑lead-salt͒ and III-V compound ͑InAsSb͒ semiconductor lasers. Lead-salt injection devices are commercially available for Ͼ3 m but high cw output power in a single mode is still a problem. For lead-salt diode lasers a cw optical power of about 1.2 mW under strong ͑ϳ30 I th ) injection currents has been achieved for multimode PbEuSeTe/PbSe laser diodes grown by molecular beam epitaxy ͑MBE͒, 2 but their single mode cw emission is typically below 300 W. In contrast, III-V diodes are expected to obtain high optical power in the midinfrared since their thermal conductivity and material stability under strong dc current injection is superior in comparison to lead salts. However, most data published on high output power have been recorded under pulse injection with a small duty cycle. About 8 mW power at 3.2 m has been obtained from InAs lasers with long-pulsed ͑0.15 ms pulse width, 2% duty cycle͒ injection.
3 cw output power up to 16 mW has been observed from a 4 m InAsSb laser that has been pumped optically by a 2 m laser, to avoid junction overheating. 4 Recently, 5 we reported up to 2 mW cw power in 3.4 m single-frequency InAsSb laser at 80 K. Typically, a characteristic temperature T 0 of about 20 K has been observed at liquid nitrogen (LN 2 ͒ temperatures. In such lasers due to the higher quantum efficiency the threshold current is 3-10 times smaller than in lead-salt devices and therefore further development of InAsSb lasers can provide higher optical power.
In this letter we report about the recent achievement of more than 10 mW cw total optical power from a III-V ͑InAsSb͒ injection laser in the 3.6 m spectral region. The laser was manufactured at Ioffe Physico Technical Institute, Russian Academy of Science in St. Petersburg and has been investigated with respect to spectroscopic applications at the Fraunhofer Institut IFU in Garmisch-Partenkirchen, Germany, using a computer assisted laser test setup. 1 The device under test was a double heterostructure ͑DH͒ diode grown by liquid-phase epitaxy ͑LPE͒ on a ͓100͔ oriented InAs substrate. A 1 m thick active area with a calculated band-gap energy E g of 345 meV at 77 K was enclosed between two 3 m thick InAsSbP confining layers (E g ϭ550 meV͒. The cap was 1 m thick InAs layer. The lattice mismatch between the layers and the substrate was 5ϫ10
Ϫ3 . The carrier concentration in the nominally undoped active layer was about 4ϫ10 16 cm
Ϫ3
. The n-InAsSbP confining layer was doped by Sn up to 10 17 cm
. The p-type confining and cap layers were doped with Zn up to 10 18 cm Ϫ3 . The 20 m broad deep-mesa-stripe chips were fabricated by photolithography and wet chemical etching. The substrate was lapped to 100 m thickness. The 300 m cavity length lasers with uncoated facets were attached to a copper heat sink, which was mounted in a LN 2 -cooled Dewar ͑Laser Photonics, L5736͒. The heatsink temperature could be stabilized over range from 77 to 100 K with an accuracy better than 100 mK. An ILX Lightwave LDC 3742 power supply was used to pump the laser diode. An off-axis parabolic mirror ͑OAP͒ with 25 mm diam was used to collimate the laser output beam. Electrically actuated mirrors pass the beam to a calibrated ͑1% absolute accuracy͒ pyroelectric power meter ͑Laser Precision, RS 5900͒ or direct the beam for spectral measurements through a 1/2 m monochromator ͑Digikröm 480͒ onto a HgCdTe detector ͑Polytec, HCT 70͒. The signal is processed by a high dynamic range lock-in amplifier ͑Stanford Research, SR 530͒, and the data are stored in a computer for final analysis using standard software packages.
The laser has been tested up to 300 mA dc injection current and within a temperature range of 77-100 K, which was determined by the good thermal contact between the a͒ Electronic mail: werle@ifu.fhg.de laser chip and the cold reservoir in the Dewar and the limited heating power of the laser temperature controller. However, it should be noted that only temperature regions close to liquid nitrogen or room temperatures are practically important for most applications. The threshold current I th was 37 mA at 82 K and increased up to 80 mA at 100 K. Figure 1 shows the temperature dependence of the threshold current. The threshold current increased exponentially with temperature and the characteristic temperature T 0 , could be derived empirically:
where T is the heat sink temperature. 6 The value of T 0 obtained from a least-squares fit was 23 K which is a typical value for pulsed InAsSb lasers. Therefore, cw InAsSb lasers are also very sensitive to the heat sink temperature. In narrow band-gap materials a common interpretation for the increase of the threshold current with temperature is the increased Auger recombination.
The increase of the total optical output power versus injection current at different temperatures is shown in Fig. 2 and a small saturation of power can be observed close to 3.6 times I th at 100 K. The external efficiency at 82 K was 0.078 W/A near threshold and decreased down to 0.028 W/A at 8 times threshold current because of junction overheating. The internal loss ␣ int , has been calculated from the dependence of the output power from the drive current:
where P out is total optical power, h is the photon energy, q is electron charge, ⌬I L is temperature increase of the leakage current, ␣ m ϭ1/2L ln(1/R 1 R 2 ) is the external optical loss, ␣ int is the sum of the cavity's internal losses ͑including optical losses into active area, in the confinement, in interfaces, due to carrier diffusion and nonradiative recombination͒, L is cavity length, R 1 and R 2 the facet reflectivities, with typical values of 31%. For our experimental conditions ␣ m equals 40 cm
Ϫ1
. Assuming that up to 100 K the temperature increase of the leakage current is small we can calculate that ␣ int is close to 20-25 cm
. It should be pointed out that it is very small in comparison to the typical value for InAs diodes of 40 cm Ϫ1 . 6 Therefore, for our opinion this high value of power was obtained due to reduced losses in the laser cavity.
For spectroscopic applications the power at single frequency emission is very important, and therefore, we have analyzed the distribution of the power of the lasing modes versus current for different heat sink temperatures. In our case the mode spectra envelopes were narrow only in the vicinity of the threshold ͑up to 1.1 I th ) where single frequency oscillations were observed ͑inset in Fig. 2͒ . Weak kinks in Fig. 2 indicate the end of single mode lasing operation. However this single mode power ͑in the range of 0.1 mW͒ is not sufficient because a small injected electron density cannot produce a sufficient photon density in this region even with high quantum efficiency. Above threshold, the gain spectrum is homogeneously broadened and multimode lasing can be observed ͑inset in Fig. 2͒ . Typically, lasing of 4-6 modes can be observed at the same time. The total optical power is distributed among all lasing modes. Therefore, the highest values were achieved at higher currents and at low temperatures which is normal for diode lasers. The mode power was typically limited to 1.3-1.4 mW in this operation range. A very interesting behavior was recorded at a higher temperature ͑100 K͒, where a strong increase of the power of the main mode was connected with a decreasing number of lasing modes ͑inset in Fig. 3͒ . The rising of losses and power saturation has been observed at the same spectral position ͑Fig. 2, curve at 100 K͒. The lasing spectra up to 260 mA ͑inset in Fig. 3͒ consist of 4-5 modes that were homogeneously distributed with a mode spacing of 7 nm ͑5.4 cm Ϫ1 ͒. At 270 mA, side modes were suppressed and only two strong modes were amplified at currents higher than 280 mA. It is worth mentioning that the mode spacing is twice as large as in normal operation ͑up to 270 mA͒. Probably, the missing modes are suppressed by spectral hole burning. 6 Considering the data reported previously 5 it should be noted that the limitation of the mode power to the order of 2 mW is about the same value as the maximal power received from a truly single frequency InAsSb injection laser. Therefore for spectroscopic applications it is very important that the mode power under cw operation was limited by a value close to 2 mW that could be directly connected with parameters of the semiconductor material.
In conclusion, more than 10 mW cw optical power has been obtained from InAsSb diode lasers at 82 K in the 3.6 m spectral region, probably due to low losses in the cavity. The threshold current was as low as 37 mA at 82 K. The characteristic temperature was 23 K. It has been demonstrated that the optical power in one mode was limited to the value of about 2 mW per facet. FIG. 3 . Optical power of the main lasing mode vs dc-injection current at different heat sink temperatures. A maximum power of 2 mW has been obtained close to a single-mode operation region at 100 K. The inset shows lasing spectra under high pumping conditions at 100 K for the region where a maximum mode power was achieved.
